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AR8TRACT 

Tha  prototypa  66-lnch  dianatar  aphartcai  hull  of  NBHO*  with  2.3 
inch  wall  thloknaaa  haa  baan  aublaotad  to  a  aartaa  of  hydroatatlc  teata 
undar  ataulatad  hydroapaoa  anvlronmant  to  datarmlna  Ira  atructural 
Intairity.  Aftar  rapaatad  long  taim  and  oyolic  taata  in  tha  220  to 
2400  foot  dapth  rangat  tha  hull  waa  taatad  to  Imploalon  at  4150  faat. 
Tha  nagnltuda  of  atraina  aaaaurad  on  tha  hull  during  cyclic  and  long 
tarn  loadlngti  aa  wall  aa  tha  abort  tarn  inploalon  dapth  of  41SU  faat 
indioata  that  tha  hull  aatiafiaa  tha  1000  foot  daaign  dapth  raquiramant 
and  can  ba  without  any  furthar  taata  incorporatad  into  any  man-ratad 
ayatan  approvad  for  oparation  in  tha  0  to  600  foot  dapth  ranga. 
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INTRODUCTION 


K  sphtrlcal  acrylic  piaciClc  capaul*  (Figure  1)  ha«  been  developed^ 
to  lerve  ae  a  preaaura  raalatant  hull  In  a  manned  obaervatory  (Figure  2) 
for  conducting  underwater  reaenrch  and  exploration  along  the  continental 
■half.  The  66-lnch  external  diameter  apherlcal  hull  of  the  observatory 
was  fabricated  using  twelve  identical  regular  spherical  pentagons  of  24 
Inch  thick  acrylic  plastic,  bonded  together  with  an  acrylic  cement.  The 
Individual  spherical  pentagons  were  thermo-forroed  In  an  oven  from  flat 
commercial  stock  using  a  circular  vacuum  mold  having  the  required 
spherical  curvature,  than  machined  to  their  proper  shape  and  dimension, 
and,  finally,  annealed  prior  to  assembly  and  bonding.  Two  openings  of 
Identical  diameter  were  provided  at  opposite  poles  of  the  sphere.  To 
allow  entry  to  and  exit  from  the  interior  of  the  sphere,  a  stainless 
steel  hatch  was  Inserted  Into  the  top  opening  of  the  sphere  (Figure  3) . 

A  stainless  steel  plate  mounted  in  the  same  manner  as  the  hatch  and 
180°  from  It  allows  penetrations  to  be  made  Into  the  hull  to  accomodate 
electrical  and  hydraulic  connections. 

One  of  the  subjects  to  be  Investigated  In  the  development  of  the 
capsule  was  the  structural  adequacy  of  the  hull  when  subjected  to  water 
pressure  and  an  upward  buoyancy  force  resulting  from  Its  submergence  to 
continental  shelf  depths.  To  this  end,  two  studies  were  undertaken,  on'^ 
being  a  theor^jtlcal  stress  analysis^  and  the  other  being  an  experimental 
■tress  analysis.  This  report  Is  concerned  with  the  experimental  stress 
analysis  study  of  the  prototype.  The  theoretical  stress  analysis  and 
the  comparison  of  experimental  to  theoretical  stress  values  are  discussed 
In  a  separate  report.^ 

TESTING  PROCEDURE 

The  hydrostatic  pressure  on  the  hull  exterior  due  to  its  being 
lowered  to  various  depths  In  the  sea  was  simulated  in  the  Laboratory's 
72-lnch  diameter  pressure  vessel  using  seawater  compressed  by  an 
electric  motor-driven  positive  displacement  pump.  Prior  to  being  placed 
In  the  pressure  vessel,  the  hull  was  mounted  Inside  a  cage  (Figure  4) 
on  a  support  pedestal  using  brackets  attached  to  the  bottom  steel  plate 
(Figure  5).  The  cage  offered  protection  to  the  test  specimen  during 
handling  In  and  out  of  the  pressure  vessel.  The  support  pedestal  served 
not  only  to  support  the  hull  when  It  rested  on  deck  but  also  served  as 
an  anchor  to  resist  the  4,000  pound  upward  acting  buoyancy  force  created 
by  the  hull's  displacement  In  water. 

The  hydrostatic  test  program,  which  took  approximately  fifty  days 
to  complete,  was  divided  Into  six  phases  (Table  1),  each  phase 
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following  thtf  ochar  In  conaacutlva  ord«r.  All  phases  of  the  test  ware 
completed  before  the  prototype  acrylic  plastic  capsule  was  tested  to 
Implosion  inside  the  pressure  vessel,.  The  first  five  teat,  phases  that 
underlie  the  exyerlmental  stress  analysis  are: 

Phase  I  consleiod  of  a  aeries  of  eight  tests  performed  in 
uninterrupted  sequence  with  the  hull  In  the  vessel.  For  the  first 
test,  hydrostatic  pressure  was  applied  at  the  rato  of  100  psl/mln 
until  100  psi  .'ressure  was  reached,  stopping  at  every  SO  psl  interval 
to  take  stra:  readings.  Approximately  90  seconds  ware  required  for 
strain  recording  and  balancing  unit  to  record  In  digital  form  -  87 
channels  of  strain  data.  Upon  reaching  100  psl,  the  pressure  was  held 
constant  for  24  hours.  During  the  first  hour,  strain  and  pressure 
readings  were  taken  every  ten  minutes.  Thereafter,  strain  and  pressure 
readings  were  taken  only  hourly  for  the  remaining  23  hours.  The 
pressure  was  then  dropped  to  0  psl  at  a  rate  of  100  psl/mln.  During 
the  depressi'rlslng  cycle,  pressure  and  strain  readings  were  taken  at 
SO  psl  Inteivals.  Whan  0  psl  was  reached,  strain  gage  readings  were 
taken  every  ten  minutes  during  the  first  hour  that  the  pressure  was 
zero,  and,  than,  hourly  until  strain  relaxation  ceased.  This  was 
considered  to  have  occurred  when  the  strain  rate  decreased  to  a  value 
of  SO  micro  Inches/ Inch  or  less  In  a  12  hour  period.  For  the  succeeding 
seven  tests,  the  hull  was  successively  subjected  to  maximum  pressures 
of  200,  300,  400,  SOO,  600,  700  and  800  psi,  repeating  the  above  noted 
procedure  used  for  the  100  psl  maximum  pressure  test. 

Phase  II  of  the  testing  program  was  made  up  of  a  series  of  five 
Identical  tests,  each  test  following  the  other  In  a  fixed  sequence. 
Hydrostatic  pleasure  was  applied  to  the  exterior  of  the  hull  at  a  rate 
of  100  psl/mln  until  a  pressure  of  500  psl  was  reached.  Pressurization 
was  stopped  momentarily  at  each  100  psi  level  at  which  time  strain  gage 
readings  were  taken.  Once  the  500  psl  level  was  reached,  the  pressure 
was  held  constant  for  a  period  of  6  hours  during  which  strain  gage 
readings  were  taken  every  10  minutes  during  the  first  hour  and  every 
hour  for  the  remaining  5  hours.  The  pressure  was  then  dropped  to 
0  psl  at  a  rate  of  100  psl/mln.  The  depressurization  was  stopped 
momentarily  at  each  100  psl  Interval  to  allow  strain  gage  readings  to 
be  taken.  Once  0  psl  was  reached,  strain  gage  readings  were  taken  every 
10  minutes  during  the  first  hour  and  then  hourly  for  the  period  of  18 
hours.  At  the  end  of  the  18  hour  period,  the  test  cycle  was  repeated. 
After  the  fifth  test  cycle  was  completed,  the  hull  was  allowed  to  relax 
In  the  vessel  for  about  3  days  before  Phase  III  of  the  test  program 
was  begun. 

Phase  III  of  the  test  program  consisted  of  a  series  of  consecutively- 
run  pressure  cycles.  All  five  cycles  of  Phase  III  test  series  were 
completed  In  one  day.  During  each  cycle  the  hull  was  pressurized  to 
500  psl  at  a  100  psl/mlnute  rate.  At  100  psl  Intervals  the  pressurization 
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Table  1.  SUMMARY  OF  TESTS  FOR  EXPERIMENTAL  STRESS  EVALUATION 


Pressure  Range 
psl 

Test 

Designation 

Duration 

of 

Loading 

Duration 

of 

Relaxation 

Phase  I 

0-100 

I-l 

24  hours 

70  hours 

0-200 

1-2 

24 

72 

0-300 

1-3 

24 

44 

0-400 

1-4 

24 

45 

0-500 

1-5 

24 

96 

0-600 

1-6 

24 

188 

0-700 

1-7 

24 

144 

0-800 

1-8 

24 

275 

Phase  II 

0-500 

II-l 

6 

18 

0-500 

II-2 

6 

18 

0-500 

II-3 

6 

18 

0-500 

II-4 

6 

18 

0-500 

II-5 

6 

66* 

Phase  III 


0-500 

0-500 

0-500 

0-500 

0-500 


III-l 

III-2 

III-3 

III-4 

III-5 


Phase  IV 


0-500 

0-500 

0-500 

0-500 

0-500 


15  min. 

15 

15 

15 

15 

15 

15 


15  min. 

15 

15 

15 

15 

15 

64* 


Table  1.  (oont'd) 


Pressure  Range, 
psl 

— 

Test 

Designation 

. 

Duration 

of 

Loading 

Duration 

of 

Relaxation 

Phase  V 

0-500 

V-1 

2 

2 

0-500 

V-2 

2 

2 

0-500 

V-3 

2 

2 

0-500 

7-4 

2 

2 

0-500 

V-5 

2 

2 

0-500 

V~6 

2 

2 

0-500 

V-7 

1 

2 

0-500 

V-8 

2 

2 

0-500 

V-9 

2 

2 

0-500 

V-10 

2 

2 

0-500 

V-il 

2 

2 

0-500 

-  1 

•7-12 

2 

2 

*  Time  elapsed  from  the  end  of  one  phase  to  the  beginning  of  the 
next  phase,  hours. 
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was  stopped  and  strain  gage  readings  were  taken.  The  pressure  was 
held  constant  at  500  psi  for  one  hour.  Strain  gage  readings  were 
taken  every  10  minutes.  The  pressure  was  then  dropped  to  0  psi  at  100 
psl/mln.  Depressurization  was  interrupted  and  strain  gage  readings 
were  taken  at  100  psi  Intervals.  The  relaxation  period  lasted  one  hour 
at  which  time  strain  gage  readings  were  taken  every  10  minutes. 

This  procedure  was  repeated  until  all  5  cycles  had  been  completed. 

A  period  of  60  hours  was  allowed  to  elapse  after  completion  of  the 
Phase  III  test  before  the  Phase  IV  series  of  tests  were  begun. 

Phase  IV  of  the  test  program  was  accomplished  with  seven  identical 
consecutively-run  tests  and  took  approximately  one  day  to  complete. 
Again,  the  exterior  of  the  hull  was  pressurized  from  0  psi  to  500  psi 
at  a  rate  of  100  psl/mln.  As  in  previous  phases,  strain  gage  readings 
were  taken  at  each  100  psi  interval.  The  pressure  was  held  constant 
at  500  psi  for  a  period  of  15  minutes,  with  strain  gage  readings  being 
taken  every  5  minutes.  The  pressure  was  then  released  and  allowed  to 
return  to  0  psi,  with  strain  gage  readings  being  taken  at  each  100  psi 
level  as  before.  Zero  pressure  was  maintained  for  15  minutes  during 
which  time  strain  gage  readings  were  taken  every  5  minutes  prior  to 
beginning  the  next  identical  test  cycle.  After  the  series  of  seven  test 
cycles  were  completed,  the  hull  was  then  allowed  to  relax  in  the  closed 
vessel  at  atmospheric  pressure  for  64  hours  before  commencing  Phase  V 
of  the  test  program. 

Phase  V  consisted  of  twelve  identical  consecutively-run  tests 
which  took  approximately  one  day  to  complete.  Hydrostatic  pressure 
was  applied  to  the  exterior  of  the  hull  at  a  rate  of  100  psl/mln  until 
a  pressure  of  500  psi  was  reached.  Pressurization  was  stopped  momen¬ 
tarily  at  each  100  psi  level  to  allow  strain  gage  readings  to  be  taken. 
The  500  psi  pressure  was  held  approximately  2  minutes.  After  strain 
gage  readings  were  made  the  pressure  was  dropped  to  0  psi  at  a  rate  of 
100  psl/mln.  At  each  100  psi  drop  in  pressure,  the  pressure  was  held 
constant  to  allow  strain  gage  readings  to  be  taken.  Upon  reaching  0 
psi  the  hull  was  permitted  to  relax  for  2  minutes  during  which  strain 
readings  were  taken.  After  2  minutes  of  relaxation,  the  next  cycle  was 
begun.  After  completion  of  12  cylces  the  hull  was  allowed  to  relax  at 
psi  pressure  for  48  hours  with  strain  gage  readings  being  taken  hourly. 

After  completion  of  the  five  test  phases,  the  hull  was  removed 
from  the  pressure  vessel,  the  strain  gags  leads  were  retraced  to 
confirm  their  locations,  and  the  hull  examined  for  cracks,  Joint 
irregularities,  and  Inclusions.  Before  and  during  all  phases  of  the 
test,  the  Interior  of  the  hull  was  vented  to  the  atmosphere,  and  the 
temperature  inside  and  outside  the  pressure  vessel  as  well  as  that 
Inside  and  outside  of  the  hull  was  stabilized  to  and  maintained 
between  and  70°F. 
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Phase  VI.  After  extensive  inspection  of  the  hull,  it  was  subjected 
to  many  other  hydrostatic  tests  (Table  2).  Since  no  strain  readings 
were  taken  during  Phase  VI  tests,  they  are  not  discussed  in  this  report. 
(For  detailed  discussion  of  these  tests  see  Reference  1).  Only  the 
last  test  during  which  the  hull  was  pressurized  to  implosion  is  discussed 
in  this  report  as  it  substantiates  some  of  the  findings  made  solely  on 
the  basis  of  evoerlmental  stress  analysis. 

INSTRUMENTATION 

The  hull  was  Instrumented  using  SR-4,  type  FAER-50D-12S13L,  strain 
gages  attached  to  the  surfaces  of  the  hull  with  epoxy  Epy-150.  Budd's 
Gagecoat  iH  and  //5  were  used  to  waterproof  the  gages.  Three  strain 
gages  wired  Independently  and  placed  in  the  configuration  of  a  wye 
constituted  a  rosette.  A  total  of  29  rosettes  were  used  to  instrument 
the  hull  (Figure  6),  giving  a  total  of  87  channels  of  readout.  Seven 
rosettes  were  placed  on  the  bottom  stainless  steel  plate,  four  being 
placed  on  the  interior  surface  and  three  being  placed  on  the  exterior 
surface  (Figure  7) .  A  total  of  22  rosettes  were  placed  on  the  acrylic 
plastic  portion  of  the  hull,  eight  being  located  on  the  Interior  surface 
and  fourteen  on  the  exterior  surface  of  the  hull.  Most  of  the  rosettes 
placed  on  the  exterior  surface  of  the  hull  had  a  corresponding  rosette 
oppos-ftely  placed  on  the  interior  surface  (Figure  8).  In  order  to  have 
a  conunon  base  of  reference  so  that  a  comparison  may  be  made  in  the  future 
betwfx*^  the  theoretical  analysis  and  experimental  results,  all  of  the 
rosettes  were  mounted  along  the  same  meridian  line  at  points  whose 
relative  por ' tion  with  respect  to  the  polar  axis  of  the  capsule  was 
recorded  in  uegrees  of  latitude.  One  of  the  legs  of  the  wye  making 
up  a  rosette  was  always  placed  on  this  meridian  line,  and  the  Individual 
strain  gage  readings  at  any  particular  rosette  location  were  always 
taken  in  the  same  given  order  and  referenced  to  this  meridian  mounted 
strain  gage  to  insure  proper  interpretation  of  the  strain  gage  readings. 
The  rosettes  were  numbered  beginning  with  number  one  at  the  bottom 
stainless  steel  plate  (Figure  9)  and  extended  through  number  eighteen 
near  the  top  of  the  hull.  As  a  further  identification  as  to  location, 
rosettes  mounted  on  the  exterior  surface  of  the  hull  were  assigned 
the  letter  A  following  their  number  while  those  rosettes  mounted  on  the 
interior  surface  of  the  hull  have  the  letter  B  following  their  number. 

The  thickness  and  sphericity  of  the  hull  at  each  rosette  and  the  loca¬ 
tion  of  each  rosette  with  respect  to  a  Joint  were  also  recorded  to  aid 
In  subsequent  reduction  of  strain  data  (Figure  10). 

Leads  from  a  thermocouple  and  the  strain  gages  mounted  inside  the 
hull  were  led  to  watertight  bulkhead  connectors  which  screwed  into 
threaded  holes  provided  for  that  purpose  in  the  bottom  stainless  steel 
plate.  After  passing  through  the  bottom  stainless  steel  plate  (Figure 
11),  thest^  leads  together  with  those  from  the  exterior  gages  and  a 
thermocouple  inside  the  pressure  vessel  ware  connected  to  a  penetrator 
assembly  in  the  pressure  vessel's  head  (Figure  12)  which  allowed  passage 
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Table  2.  MISCELLANEOUS  TESTS  CONDUCTED  ON  NEMO 
AFTER  CONCLUSION  OF  EXPERIMENTAL  STRESS  ANALYSIS  TESTS 


Number 

of 

Tests 

Maximum 
Pressure  (pel) 

Duration  o£ 
Sustained 
Loading 

Temperature 

(Op) 

Damage 

Observed 

|H 

250 

6  hours 

68  -  70°F 

None 

500 

6  hours 

68  -  70°F 

None 

750 

6  hours 

68  -  70°F 

None 

500 

4  hours 

38°  F 

None 

600 

7  hours 

36°F 

None 

700 

5.5  hours 

43°F 

None 

750 

8  hours 

42°F 

None 

850 

8  hours 

41°F 

None 

20 

500 

4  hrs.  per  test 

32  -  75 

None 

15 

550 

1  hr.  per  test 

32  -  40 

None 

13 

\ 

550 

0.5  hr.  per  test 

32  -  40 

None 

11 

500 

1  minute  per  test 

32  -  40 

None 

1 

1070 

10  minutes 

34 

None 

_ 

1 

1850 

None 

70 

Gen.  Implosion 

()i  iht»  ItfdUM  out  or  ihi»  proMiur*  v«»gNt>)  to  i  90  channtl  muictpU 
dlalt^l  KU'tiii)  litUti'Ntur  And  dlKltAl  tAmp»r«turA  indicAU^rg  (Kipurt  13). 

To  monitor  IvAkAgg  of  wAtgr  into  thg  tntgrtor  of  thg  huU •  a 
0.J5U  inch  diAitK'tor  i'0|>ptfr  tubg  wAg  Inggrcgd  thmupb  thg  bottom  AtAtn- 
loArt  Atotfl  fluAh  with  thg  plAto’g  Ingld#  gurf Ai  A  And  Agglgd 

aKitlnit  wator  p<‘»g»urg  with  an  opoMy  compound.  Th»  tubg  WAt  oonngatod 
to  a  fittlnp  in  thg  voaggl  hoad  pongtrAtor  ggggmbly  from  whoro  it  wag 
connoctod  to  an  ompty  praduAtt.  SlnoA  tho  graduAto  wAi  opon  to  tho 
Atmogphgr«i  thg  atmoAphorlc  proggurg  pravallod  All  tlmgg  in  tho 
intorlor  of  tho  acrylic  plggtlc  hull.  Only  one  a  day  whan  tha  hull 
WAN  undor  prigaura,  air  at  a  prAggura  of  about  10  pat  waa  introduoad 
into  thg  tuba  ond,  conaaquantlyi  Into  tha  Intarlor  of  tha  hull.  Tha 
air  oraaaura  wag  hold  momantarlly  aftar  which  it  waa  ralaigad.  Tha 
praaauriiad  air  waa  than  allowad  to  aacapa  from  tha  Intortor  of  tha 
hull  through  tha  tuba.  Tha  air  ajaetad  any  watar  aoeumulatad  in  tha 
hull  ahaad  of  .t.  Any  watar  forcad  out  of  tha  hull  waa  oollaotad  in  a 
graduata  and  ica  amount  racordad.  Tha  amount  of  watac  laakaga  avaragad 
about  S  quarta  par  day  and  waa  oauaad  by  an  improparly  moldad  plaatlc 
panatrati^r  Iccatad  in  tha  bottom  atatnlaaa  ataal  plata.  Tha  faulty 
panatrator  wna  not  raplacad  during  tha  taatlng  program  aa  tha  panatra- 
tor  would  aImo  raqulra  tha  raplacamant  of  tha  cuotom  mada  nabla  wiroaa 
procuramant  Ima  waa  approxlmataly  6  montha.  Thara  waa  no  avldanea 
of  laakaga  from  any  othar  aourca. 

Pariodi  ally  tha  NEMO  capaula  waa  ramovad  from  tha  praaaura 
vaaaal  and  inapactad  for  any  tndicatlona  of  damaga  Ilka  local  yielding 
or  cracking  of  hull  matarial.  Soma  aalactad  locationa  on  tha  hull  wara 
alao  photographed  aach  tima  for  latar  rafaranca. 

REDUCTION  OF  DATA 

For  any  combination  of  atraaaaa  at  a  point  in  a  atraaaad  body, 
three  mutually  perpendicular  planaa  paaaing  through  tha  point  can  ba 
found  on  whlcVi  only  normal  atraasas  axlatr  tha  normal  atraaaaa  on  thaie 
planes  on  which  there  are  no  ahearlng  atreaaea  are  called  principal 
stresses.  There  exist  two  typaa  of  atraas  fialda  whan  ona  conaldara 
the  hollow  spherical  shape.  On  the  intarlor  aurfaca  only  two  principal 
stresses  are  present  creating  what  la  called  a  biaxial  strass  condition. 
However,  rn  the  exterior  surface  a  atate  of  trlaxlal  atraas  is  found. 

Biaxial  P'’inclpal  Stresses 

The  two  dimensional  stress  field  was  assumed  to  consist  of  normal 
stresses,  o.,  o.,  at  right  angles  to  each  othar.  Tha  third  stress, 

0-,  is  zero'^slnce  chare  is  no  internal  or  extarnal  pressure  being  exerted 
at  right  angles  to  Che  plane  on  which  Che  strains  are  being  measured. 

Rosettes  in  a  wye  configuration  were  used  Co  measure  the  strains  on 
the  interior  and  exterior  of  the  acrylic  hull,  as  mentioned  earlier. 

The  strain  readings  were  designated  e^,  and  where  was  always 
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artMnt«d  ilont  eht  n«i‘Ulin  on  rho  oj^horo. 

Thf  MNtnun  and  aiint«\iai  prinoipal  atrain  wara  found  by  ualnp  tha 
«onvantional  Nebr  utrola  iihiory  and  tha  thraa  atraln  lapa  raadlnpa 

‘a*  ‘h*  •"**  'o‘ 


Tha  atraaaaa  wara  oaleulatad  uainp  B|  tha  modulua  of  alaattQlty«  and 
Folaaon’a  ratio i 


maa 

nin 


(Rq. 


max 


’rrV( 


‘ma«  ^'itln 


) 


min 


TT-x 


^*min  "**  '**max^ 


(Bq.  2) 


(Bq.  3) 


Tha  anpia  waa  maaaurad  from  tha  maridional  axia  to  tha  axla  along  which 
tha  maximum  principal  attain  waa  orlaniad. 


0 


JXi 


P  ....J.iSU 


ft'  c.  +  c^\ 

(j — 


(Kn.  «) 


Thla  angla  llaa  In  t'ha  plana  of  tha  aphara'a  surfaea. 

Trlaxlal  Principal  Straaaaa 

On  tha  axtarior  aurfaca  of  the  aphera  tho  third  principal  atrassi 
0.,  ia  not  aaro,  tharaby  craatlng  a  trlaxlal  atraaa  condition.  Tha 
Btraaa,  03,  rapraaanta  t.ho  hydroatatic  preaaura  being  appllad  to  tha 
hull.  Thla  atraaa  ganarataa  a  radial  atraln,  but  Ita  magnitude  cannot 
ba  maaaurad  on  tha  aphara'a  aurfaca  by  conventional  atraln  gagea  aa 
they  lia  In  a  plana  at  right  angla  to  tha  radial  atraln.  Although 
tha  magnitude  of  tha  radial  atraln  cannot  bo  maaaurad,  tha  magnitude 
of  tha  atraaa  caualng  tha  radial  atraln  la  known,  aa  It  la  numerically 
equal  to  tho  extamal  hydroatatic  praaaura.  Thua,  It  la  poaalble  to 
calculate  the  magnitude  of  tha  three  principal  atraaaaa  If  the  two 
principal  atralna  on  tha  extamal  aurfaca  of  the  aphera  and  tha  radial 
atraaa  are  known. 
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UMlnH  the  eyetent  ot  three  equetione  thet  detertbe  the  reletlonahlp 
betweeu  three  prlncipnl  atreeiee  tn  Che  three  dlmenatonal  acreae  field 


•'i  ‘  TTTT.'sfi - iT)'  l<‘  ■  "  '‘min  •* 

"j  ■  TTHirfr  "TVy  I"  ■  ">  ‘mm  *  "  <‘m.«  *  3>1 

'’}  *  7r~,'Tfr  "TT  l‘‘  ■  ‘3  *  “<W  *  'n,tn>l 

end  Che  veluaa  of  Cnn^  end  celculeced  (Bqueclon  1)  from  acrelna 
nmeaurad  on  che  eurfece  of  rha  ephere  che  veluee  of  ox»  02 »  *nd  03  have 
bean  celculeced.  In  che  equetione  above  end  02;  denote  principal 
atraaaee  in  che  plane  of  the  aphere'a  excernel  surface »  whlla  03 
repreaenca  che  principal  screaa  at  right  angle  to  the  plana  in  which 
and  02  are  acting. 

Shear  Screaaee  for  Biaxial  and  Triaxial  Loadings 


(8q.  5) 
(Bq.  6) 
(Eq.  7) 


The  evaluation  of  shear  atreas  in  che  triaxial  loading  condition 
wee  accompliahod  by  uaing  the  octahedral  ahearing  screaa  theory.  It  is 
poaaible  by  ue'ng  Mohr's  circle  to  resolve  a  ayatem  of  three  dimensional 
straaaes  Into  two  ayatams  acting  on  the  eight  octahedral  planea.  One 
system  is  represented  by  ahearing  stresses  Tq.  and  the  other  by  equal 
normal  etrear  s  o^. 


It  Is  postulated  that  the  equal  compressive  (or  tensile)  stresses,  Oq, 
do  not  Initiate  yielding  of  the  material  but  may  produce  fracture. 
Therefore,  the  octahedral  shearing  stresses  are  assumed  by  this  theory 
to  be  entirely  responsible  for  initiation  of  yielding  In  the  material. 
The  octahedral  shear  theory  postulateo  further  that  yielding  at  any 
point  in  a  body  under  any  combination  of  stresses  is  initiated  only  when 
the  octahedral  shearing  stress  becomes  equal  to  /2/3  Oy,  where  0  is 
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th«  e«nillt  or  eomprtitlv*  olastlc  atrongth  of  tha  matarlal  at  datarmlnad 
by  tha  atandard  uniaxial  taat.  Thla  valua  can  ba  found  by  having  a 
uniaxial  atraaa  condition  In  which  u.  >  n.  ■  0  (Equation  8).  The  octahe¬ 
dral  ahaarlng  atraaa  on  aach  octahedral  plana  may  be  expreaaedt 

^  i  /la~  ~  -  +  (03  -  0^2 

where  o.,  0,,  and  o.  are  tha  thraa  principal  atreaaea  determined  by 
Equatloffa  (S,  6,  7,  8). 

Tha  evaluation  of  ahaar  atraaa  In  the  biaxial  loading  condition  was 
accoupllahad  by  Mohr' a  circle.  The  maximum  ahear  atraaa  was  calculated 
using  tha  Mohr  circlet 

(Sq.  9) 

obtained  from  Equations  (2)  and  (3) . 

In  the  calculation  of  stress  values  under  both  the  biaxial  and 
trlaxlal  states  of  stress  the  modulus  of  elasticity,  E,  and  Poisson's 
ratio,  u,  were  assumed  to  be  4.5  x  10^  pal  and  0.35  for  the  acrylic  and 
28  X  10^  pal  and  0.26  for  the  steel,  respectively.  The  properties  of 
both  materials  are  described  at  length  in  Reference  1.  It  suffices  here 
to  state  that  the  yield  point  of  316  Type  stainless  steel  is  in  25,000  - 
30,000  pal  range  while  for  Plexiglas  G  acrylic  plastic  under  short-term 
loading  It  la  10,000  psl.  The  strain  readings  from  each  rosette  were 
converted  to  principal  strains,  principal  stresses  and  octahedral  shear 
stresses  by  means  of  an  IBM  1620,  Model  2  computer. 

Since  the  reduction  of  all  the  experimental  data  into  principal 
stresses  and  shear  stresses  would  be  too  voluminous  for  inclusion  into 
the  report  and  because  the  validity  of  some  calculated  stresses  (under 
long-term  creep  for  example)  is  doubtful  because  of  necessary  simplifi¬ 
cations  in  assumptions  underlying  the  analytical  calculations,  all  experi¬ 
mental  data  was  chosen  for  reduction  to  principal  strains,  but  only  some 
for  reduction  to  stresses. 

The  data  that  was  chosen  for  reduction  to  stresses  pertained  only 
to  short-term  loading  conditions  when  MEMO  was  pressurized  repeatedly 
to  100,  500,  and  800  psl  sustained  pressure  levels  (Phase  I  tests  Nos. 

1,  5,  and  8).  The  reasons  for  choosing  only  these  test  conditions  are: 

1.  Equations  (2)  through  (8)  describe  accurately  only  the  behavior 
of  isotropic  materials  In  the  linear  range  of  elastic  deformations. 

Since  the  deformation  of  acrylic  plastic  can  be  postulated  to  represent 
that  of  an  Isotropic  material  In  the  linear  portion  of  the  elastic  strain 
range  only  under  short-term  loading  at  stress  levels  less  than  8000  psl 
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calculations  of  stresses  In  NEMO  under  short-term  hydrostatic  loading 
can  be  considered  reasonably  accurate.  The  vlsco-elastlc  and  vlsco- 
plastic  behavior  of  the  material  with  the  associated  time  dependent 
change  of  modulus  of  elasticity  and  Poisson's  ratio  makes  the  calcula¬ 
tion  of  stresses  In  NEMO  under  long-term  loading  a  very  complex  opera¬ 
tion  beyond  the  scope  of  this  report. 

2.  The  100 1  500,  and  800  psl  short-term  loadings  were  chosen  for 
calculation  of  stresses  because  they  represent  the  minimum,  proof  and 
200X  overload  test  conditions.  During  the  pressurization  to  the  100  psl 
pressure  level,  the  lowest  sustained  pressure  loading  to  which  NEMO  was 
subjected,  the  distribution  of  stresses  (Figures  14a,  15a,  15b,  16a,  and 
16b)  Is  probably  Indicative  of  the  true  elastic  conditions  as  the  stress 
levels  are  so  ow  that  virtually  no  vlsco-elastlc  or  vlsco-plastlc 
deformations  ■  lould  have  been  present.  The  stresses,  on  the  other  hand, 
found  during  tne  loading  to  the  500  psl  pressure  level  are  of  Interest 
(Figures  14b,  15a,  15b,  17a  and  17b)  as  a  comparison  between  them  and 
those  generated  by  the  test  to  the  100  psl  pressure  level  will  clearly 
show  whether  any  serious  yielding  of  the  NEH)  hull  took  place  when  It 
was  subjected  to  the  proof  test.  Finally,  the  stresses  recorded  during 
the  loading  to  800  pel  level  are  Important  (Figures  14c,  15a,  15b, 
18a-20d)  because  they  should  show  some  occurrence  of  yielding  In  the 
steel  hatches,  or  the  acrylic  plastic  material  around  them  at  this 
200X  overload  level. 

Other  data  that  has  been  reduced  to  show  only  principal  strains 
and  Is  included  In  this  report  pertains  to  (1)  sustained  loading  at 
100,  200,  300,  400,  500,  600,  700,  and  800  psl  pressure  levels  (Figures 
21a-24b) ,and  (2)  cyclic  loading  to  500  psl  pressure  level  (Figures  25- 
32b) .  Since  Inclusion  of  graphs  depicting  this  data  for  all  of  the 
rosettes  would  make  this  report  too  voluminous,  some  selectivity  was 
exercised  in  the  presentation  of  data.  For  some  tests,  like  the  long¬ 
term  loading  to  100,  500  and  800  psl  pressure  levels  principal  strains 
are  shown  for  five  rosettes  while  for  the  cyclic  tests  only  summaries 
of  the  strain  distribution  and  strains  from  the  equatorial  rosettes 
are  shown  (Figures  25-32) . 

Although  the  exclusion  of  most  of  the  data  generated  during  the 
hydrostatic  testing  of  the  NEMO  capsule  from  this  report  makes  it  some¬ 
what  less  than  complete,  It  was  felt  that  the  data  selected  for  Inclu¬ 
sion  In  this  report  is  more  than  sufficient  to  support  the  findings 
made  In  the  report  and  that  the  inclusion  of  all  the  generated  experimen¬ 
tal  data  would  only  make  the  report  unwleldly  as  In  most  cases  the 
strains  generated  by  the  many  rosettes  In  the  cyclic  and  long-term  teste 
were  elmllar.  If  not  Identical,  and  thus  most  of  the  data  would  have  been 
repetitive. 
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FINDINGS 


Short-Term  Loading 

Acrylic  Plastic.  The  stresses  measured  on  the  acrylic  plastic 
hull  (Figures  15  and  19)  varied  from  one  strain  gage  rosette  to 
another  depending  on  their  location.  For  all  rosettes  on  the  acrylic 
plastic  stresses  were  higher  on  the  Interior  of  the  hull.  At  the 
equator  of  the  hull  maximum  and  mlnlmiun  principal  stresses  In  the  plane 
of  the  hull's  surface  were  approximately  the  same.  As  one  progressed, 
however,  from  the  equatorial  rosettes  to  those  located  near  the  polar 
penetrations  In  the  hull,  the  difference  between  maximum  and  minimum 
principal  stresses  In  the  plane  of  the  hull's  surface  Increased.  At 
the  edge  of  the  penetration  the  highest  principal  stress  was  In  the 
meridional  direction  and  Its  magnitude  on  the  exterior  of  the  hull  was 
approximately  the  same  as  the  maximum  principal  stress  at  the  equator, 
while  the  least  principal  stress  was  In  the  hoop  direction  and  Its 
magnitude  was  approximately  45  percent  less. 

The  relationship  between  the  hydrostatic  pressure  and  stresses  on 
the  acrylic  was  linear  and  approximately  the  same  for  the  short-term 
portions  of  all  Phase  I  tests.  This  Indicates  that  no  yielding  of  the 
acrylic  occurred  under  short-term  loading  at  any  of  the  locations 
where  the  strain  gage  rosettes  were  located  even  when  the  NEIK)  hull  was 
hydrostatically  loaded  to  800  pel  (Figure  19) .  At  500  psl  the  maximum 
principal  stress  recorded  on  the  external  surface  In  equatorial  region 
was  -3008  psl  while  on  the  Interior  It  was  -3423  psl.  No  higher 
stresses  than  3423  psl  were  recorded  at  any  other  rosette  location  on 
the  acrylic  hull  at  500  psl  loading. 

It  la  Interesting  to  note  that  considerable  shifting  of  principal 
stress  directions  occurred  during  short-term  pressurlsatlon  of  the 
acrylic  hull.  The  magnitude  of  direction  shift  varied  from  rosette 
to  rosette,  and  from  one  pressure  level  to  another.  The  major  shifts 
occurred  in  the  equatorial  region  while  In  the  vicinity  of  the  poler 
opening  there  was  almost  no  change  in  direction  of  principal  stress 
exls  from  one  pressure  level  to  another.  This  indicates  that  the  steel 
plate  presents  such  a  major  structural  discontinuity  with  associated 
well  defined  stress  field  In  the  spherical  hull  that  small  changes 
in  ecryllc  hull  deflections  ere  not  able  to  change  the  orlentetlon  of 
the  stress  field  significantly.  This  substantiates  the  findings  made 
previously  on  IS-lnch  NEHO  models  that  at  the  very  edge  of  the  penetra¬ 
tion  In  acrylic  the  meridional  stresses  are  substantially  higher  than 
hoop  stresses  and  thus  constitute  a  well  defined  streas  pattern  that 
minor  readjustments  in  hull  deflections  cannot  shift.  The  presence  of 
major  shifts  In  the  principal  strees  axle  orlentetlon  oh  the  equatorial 
region  Indicates  on  the  other  head  that  the  magnitudes  cf  both  merldlona) 
and  hoop  stresses  ere  so  well  matched  that  even  a  minor  local  in 

hull  deflections  can  radically  change  the  direction  of  prlnoipcl  stresf 
axle.  It  also  shows  that  because  the  sphere  Is  mads  up  of  12  non- 
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Identical  structural  modules  the  stresses  will  redistribute  themselves 
In  a  stepwise  manner  as  each  Increment  In  pressure  will  differently 
affect  each  pen: agon  and  the  Interrelationship  between  them. 

Steel.  The  stresses  measured  on  steel  surfaces  of  the  NEMO  hull 
were  considerably  higher  than  on  acrylic  surfaces.  The  highest  stresses 
measured  at  SOO  psl  were  on  the  interior  of  the  steel  plate  at  rosette 
locations  ana  #3.  The  direction  of  the  -26,700  psl  maximum  princi¬ 
pal  stress  at  location  #3  was  In  the  meridional  direction,  while  at 
location  #4  the  -24,050  psl  maximum  principal  stress  was  In  hoop  direc¬ 
tion.  Although  for  rosettes  #3  and  PA  the  relationships  between  hydro¬ 
static  pressure  and  stress  were  quasl-llnear  (Figure  20)  for  each  of  the 
Individual  short-term  portions  of  Phase  1  hydrostatic  tests,  they  were 
not  Identical.  Thus,  for  example.  In  the  Phase  I-l  (0  to  100  psl)  test 
the  maximum  principal  stress  at  rosette  #3  at  100  psl  hydrostatic 
pressure  was  -11,790  psl.  In  the  Phase  1-5  (0  to  500  psl)  test  the  same 
principal  stress  at  100  psl  pressure  was  -824C  psl,  while  In  the 
Phase  1-8  (0  o  800  psl)  test  It  became  at  100  psl  pressure  -2580  psl. 

It  thus  appears  that  the  stress  magnitude  for  a  given  hydrostatic 
pressure  level  like  100  psl  at  rosette  locations  #3  and  PA  progressively 
decreased  from  one  hydrostatic  test  to  another.  After  seven  long-term 
tests  the  stress  magnitude  under  100  psl  hydrostatic  loading  at  rosette 
#3  was  less  than  25  percent  of  Its  value  measured  during  the  first  test. 

The  reasons  for  this  behavior  are  many  and  their  Inter-relatlonshlp 
not  well  understood.  Three  major  factors  are  at  work  here  chat  cause 
the  stress-strain  relationship  of  the  steel  bottom  plate  at  locations 
#3  and  #4  t'-  change  from  one  test  to  another. 

Factor  A  Is  the  change  In  relative  position  between  the  steel  plate 
and  the  penetration  In  acrylic.  During  pressurlsatlon,  the  plate  Is 
forced  deeper  Into  the  opening.  Upon  depressurlsatlon  the  surface 
friction  between  steel  and  acrylic  does  not  often  permit  the  steel 
plate  to  r.?tum  to  Its  original  location  In  the  opening.  Because  of 
this,  the  steel  remains  under  compressive  preload  whose  magnitude 
Increases  from  test  to  test  by  approximately  100  mlcrolnches.  Since 
In  Che  calculation  of  stresses  Che  strain  reading  at  the  beginning  of 
each  test  Is  taken  as  Che  aero  datum  the  determination  of  residual 
stresses  after  each  test  was  not  accomplished  by  comparing  stresses 
from  different  tests  but  by  comparing  the  magnitude  of  residual  strains 
after  completion  of  relaxation  j)erlods  at  the  end  of  all  Phase  I  tests 
(Figures  21  and  22)  with  the  magnitude  of  residual  strain  at  the  com¬ 
pletion  of  relaxation  period  following  the  long-term  loading  at  100  psl. 

Factor  B  is  plastic  deformation  of  the  acrylic  at  the  very  edge 
of  the  penetration.  Its  magnitude,  and  the  pressure  level  at  which 
It  occurs,  has  not  been  accurately  determined  as  no  strain  gages  were 
located  on  the  acrylic  at  Che  very  edge  of  the  penetration.  Extrapolat¬ 
ing  Che  readings  taken  at  rosette  #18,  the  closest  one  to  the  edge. 
Indicates  that  Che  first  permanent  set  occurred  at  the  edge  of  the 
penetration  only  after  the  Phase  1-4  (0  to  600  psl)  test. 
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the  viscoelastic  yield  point  at  any  of  rosette  locations  so  long  as  the 
duration  of  the  Individual  loading  cycle  was  equal  to,  or  less  than, 

6  hours. 

Steel.  The  strains  measured  on  the  steel  plate  did  not  change 
significantly  from  one  pressure  cycle  to  another,  or  from  one  cycling 
pregram  to  another.  It  Is  Interesting  to  note,  however,  that  the  mag¬ 
nitude  of  strains  In  steel  generated  during  the  pressure  cycling  to 
500  psl  Is  noticeably  less  than  the  strains  generated  previously  during 
the  first  short-term  loading  to  500  psi  (Phase  1-5) .  It  Is  surmised 
that  this  has  been  caused  by  cold  working  the  steel  plate  past  Its 
yield  point,  as  well  as  plastically  deforming  the  acrylic  plastic  hull 
adjacent  to  the  steel  plate  during  the  long-term  loading  to  800  psl 
(Phase  1-8). 

Miscellaneous  Loadings 

After  completing  the  test  Phaserj  I  through  V  the  !<EMO  hull  was 
subjected  to  an  assorted  group  of  miscellaneous  tests  whose  objectives 
were  the  determination  of  (1)  displacement  change  during  various  kinds 
of  hydrostatic  loading,  and  (2)  the  rate  of  heat  transfer  from  the 
Interior  of  the  hull  when  diving  In  waters  with  widely  varying  ambient 
temperatures.  Since  the  findings  of  these  tests  were  thoroughly  discussed 
In  another  report^  and  since  these  tests  have  little  bearing  on  the 
evaluation  of  the  hull's  structural  adequacy,  they  will  not  be  further 
discussed. 

Destructive  Testing 

The  final  test  In  the  structural  evaluation  program  of  NEMO  hull  //O 
was  Che  short-term  Implosion  testing  In  which  by  the  observation  of 
fragsients  and  magnitude  of  loading  at  which  the  failure  took  place  some 
of  the  postulates  formed  during  previous  non-destructive  testing  could 
be  confirmed  or  modified. 

The  implosion  thet  occurred  at  1850  psi  under  50  psl/minute  loading 
rate  was  of  general,  rather  than  local  nature  Indicating  that  the  ulti¬ 
mate  strengths  of  the  acrylic  hull  and  the  steel  penetration  clotures 
were  fairly  well  matched.  This  finding  Is  supported  by  the  fact  that 
not  only  was  Che  acrylic  hull  broken  Into  several  orange  peel  shaped 
fragments,  but  also  that  the  metallic  chosures  were  severely  dished 
In  (Figure  33).  If  only  the  hull  had  failed,  there  would  not  have  been 
any  signs  of  concave  dishing  In  on  Che  Initially  convex  closures  as 
fragmentation  of  the  sphere  Is  Incapable  of  producing  such  deformations 
in  the  metallic  end-closures.  If  on  the  other  hand  the  metallic  end- 
closures  alone  had  failed,  general  fragmentation  of  the  hull  would  not 
have  taken  place  but  just  some  fracturing  and  spalling  around  Che  edges 
of  the  penetration  In  acrylic. 
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since  the  hull  was  filled  with  water,  that  was  vented  to  atmosphere 
during  the  Implosion  testing,  a  failed  metal  plate  could  not  serve  as 
a  high-speed  projectile  that  by  impacting  the  interior  of  the  acrylic 
hull  would  fracture  It  Into  many  fragments. 

The  acrylic  fragments  resulting  from  the  Implosion  were  in  the 
shape  of  orange  peels  with  the  fracture  lines  cutting  in  all  cases 
across  bonded  joint  lines.  The  ends  of  fragments  that  butted  previously 
against  the  bottom  steel  plate  (Figure  34)  were  severely  spalled 
Indicating  serious  deformation  of  the  steel  bearing  surface  at  the  time 
that  the  spher  Imploded.  The  ends  of  fragments  that  butted  against 
the  top  hatch  ring  did  not  show  severe  spalling  but  only  radial  in 
plane  of  hull  racking  (Figure  35) .  When  one  observes  the  deformed 
steel  end-closures  of  the  hull  it  becomes  immediately  very  clear  why 
only  the  acrylic  bearing  surface  in  contact  with  the  bottom  plate 
showed  such  e  tensive  damage  while  the  top  one  did  not. 

The  deformation  of  the  bottom  plate  was  of  such  nature  (complete 
reversal  of  spherical  curvature)  that  the  beveled  bearing  flange 
rotated  (Figure  36)  about  its  line  of  attachment  to  the  dished  head. 

The  rotation  of  the  flange  caused  it  to  bear  extra  hard  on  the  inner 
half  of  the  acrylic  bearing  surface  while  almost  completely  relieving 
the  bearing  stress  against  the  outer  half  of  the  acrylic  plastic  bearing 
surface.  Tl.e  rotation  of  the  flange  was  so  large  that  the  resulting 
besting  pressure  on  the  inner  half  of  the  acrylic  hull  caused  it  to 
shear  off  at  the  bearing  surface.  The  shearing  plane  formed  approxi¬ 
mately  a  45°  angle  with  the  inner  surface  of  the  hull. 

This  was  not  the  case  with  the  upper  steel  closure.  Although  the 
hatch  deformed  severely  like  the  bottom  plate  by  completely  reversing 
the  curvaf  re  of  the  hatch  the  effect  of  this  buckling  process  on  the 
acrylic  bf  -ring  surface  was  minimal.  The  reason  for  this  difference  is 
that  the  h >tch  ring  between  the  deforalng  hatch  and  the  acrylic  bearing 
surface  formed  a  rigid  barrier  which  the  buckled  hatch  could  not  deform. 
Thus,  the  acrylic  bearing  surface  in  contact  with  the  hatch  ring  did  not 
experienc*  at  any  time  the  uneven  oearlng  pressure  that  would  be  exerted 
by  a  rotating  hatch  flange  if  it  was  in  contact  with  the  acrylic  bearing 
surface  without  the  intervening  hatch  ring  barrier. 

The  lailure  mode  of  the  bottom  plate  also  illuminates  quite  well 
the  strain  readings  on  it  during  the  Phase  I  tests.  The  reason  that 
rosette  iHB  recorded  the  highest  strains  on  the  plate  becomes  quite 
obvious.  The  rosette  was  mounted  at  the  location  whore  the  plastic 
hinge  for  the  dlahlng  of  the  plate  was  located.  Since  the  rosette  #3B 
was  on  the  compression  side  of  the  plastic  hinge,  the  compressive 
flexure  strains  would  be  superimposed  on  the  compressive  membrane 
strains  In  the  meridional  direction  to  exceed  the  strolns  recorded  at 
rcsette  lA  and  B,  2A  and  B,  and  4B.  This  Is  the  location  where  probably 
yielding  also  took  place  first  on  the  bottom  plate,  and  only  after 
formation  of  the  plastic  hinge  did  the  plate  flange  rotate  bringing 
uneven  pressure  to  bear  upon  the  acrylic  bearing  surface. 
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Tensile  specimens  were  cut  from  the  acrylic  plastic  hull  fragments 
to  establish  the  tensile  strength  of  Joints  after  the  hull  was  subjected 
to  the  extensive  hydrostatic  testing  program.  The  tensile  strength  of 
the  PS-18  bonded  Joints  was  found  to  be  In  the  same  range  (9220-7350  psl) 
as  the  strength  of  the  PS-18  Joints  In  test  blocks  (8280-5150  psl)  tested 
Immediately  after  fabrication  of  the  NEMO  hull  //O.  This  substantiates 
the  claim  of  the  adhesive  supplier  that  long-term  submersion  In  seawater, 
as  well  as  repeated  compressive  straining  of  Joints  bonded  with  PS-18, 
does  not  decrease  Its  mechanical  strength. 

No  evidence  was  found  of  cracks  Initiating  at  the  many  bubbles  and 
discontinuities  present  In  the  bonded  Joints  (Figure  37) .  This  substan¬ 
tiates  the  postulate^  made  at  the  beginning  of  the  program  by  the 
designers  of  NEMO  hull  that  bubbles  and  other  similar  discontinuities 
In  the  Joints  will  not  act  as  sources  of  Incipient  cracks  so  long  as 
the  bonded  Joints  have  not  been  subjected  to  (1)  tensile  stresses,  or 
(2)  compressive  stresses  of  such  magnitude  that  plastic  deformation  of 
the  Joint  filler  material  takes  place  (at  approximately  15,000  psl 
compressive  stress) .  Elimination  of  the  bubbles  and  discontinuities 
In  the  Joints  Is,  however,  a  desirable  objective  for  future  NEMO  hulls 
because  (1)  their  presence  Is  unsightly,  (2)  they  may  constitute  a 
source  of  leakage,  and  (3)  they  restrict  the  use  of  NEMO  hulls  solely 
to  external  pressure  loadings. 

CONCLUSIONS 

The  hydrostatic  testing  program  as  well  as  the  subsequent  experi¬ 
mental  stress  analysis  have  conclusively  shown  that  the  prototype 
66-lnch  OD  x  61-lnch  ID  Plexiglas  G  plastic  NEMO  hull  90  bonded  with 
PS-18  adhesive  and  equipped  with  316  Type  stainless  steel  penetration 
closures  has  met  the  design  objectives  of  (1)  collapse  depth  in 
excess  of  3000  feet,  (2)  design  depth  of  1000  feet,  and  (3)  operational 
depth  of  600  feet  for  manned  dives. 

RECOMMENDATIONS 

1.  Further  experimentation  should  be  conducted  on  bonding  of  spherical 
pentagons  to  obtain  an  adhesive  system  and  bonding  technique  superior  to 
the  PS-18  bonding  system  so  that  less  bubbles  and  discontinuities  are 
present  In  the  hull  Joints. 

2.  For  diving  operations  In  excess  of  600  feet  the  Type  316  stainless 
steel  should  be  replaced  In  penetration  closures  with  Inconel  625  that 
has  superior  corrosion  resistance  and  mechanical  strength.  If  the  cost 
of  Inconel  625  end-closures  proves  to  be  excessive,  SAE  4130  cadmium 
plated  steel  may  be  substituted  for  it  providing  the  projected  life 

of  the  system  Is  short. 
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Flgurs  1.  Prototype 


OD  X  61-inch  ID  acrylic  plastic  NE>K)  capsule. 
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Hatch  Whaal 


Top  Staal  Hatch 


Planetary  Gear  Locking 


Split  Retaining  Flangoa 


Split  Retaining  Flanges 


Neoprene  Bearing 
Gasket 


Bottom  Steel  Plate 


Figure  3.  NEMO  Hull  Cross  Section. 
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Flguro  4. 


NEMO  capsule  being  lowered  Into  the  Deep  Ocean  Simulation 
Facility  pressure  vessel;  note  the  protective  cage  and 
support  pedestal. 
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Figure  5.  Method  of  attaching  capsule's  bottom  steel  plate  to  cage 
support  pedestal. 
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along  meridian 


90  Node 


Meridional 


-~.r\ 


Typical  rosette  formed 
by  three  strain  gages 
aligned  In  the  wye 
fashion  with  respect 
to  each  other. 


Bottom  Plate 


Rosette  Nunibers 


0  Node  Node  Numbers 

„  ,  (1  Node  -  20) 

Note* 

1.  RoKttei  on  hull  exterior  have  the  Suffix  A  following  the  number.  Likewiic, 
interior  roiettei  have  B  for  the  Suffix,  (e.g.  lOA  and  lOB) 

2.  Node  locationa  have  been  determined  by  dividing  the  iphere  into  2  degree 
incrcmenia.  Numbering  of  nodet  began  on  the  bottonti  Juit  at  the  numbering 
of  the  rooettei  and  continuee  to  the  top. 


Figure  6.  Rosette  locations  on  the  acrylic  portion  of  the  capsule 


Rosette  Numbers 


0  Node  Numbers 
(1  Node  -  2°) 


Figure  7.  Location  of  and  numbering  ayatem  for  roaettea  on  the  atalnleaa 
ateel  plate  portion  of  the  capsule. 


Figure  7a.  Detailed  dlmanalona  of  the  bottom  ateel  Plata  for  prototype 
NEMO  fabricated  from  lib  Type  atalnlasa  ateel. 
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T)ri 


Figure  8.  Typical  Installation  of  strain  gage  rosettes  on  the  Interior 
and  exterior  surfaces  of  the  acrylic  hull. 


Feoecretor  Holes 

Meridian 

losetce  2B 


tMecte^ 

Figure  9.  Typical  Installation  of  strain  gaga  rosettes  on  the  Interloi 
surface  of  the  bottom  steel  plate. 


Figure  11.  An  exterior  view  of  the  bottom  steel  plate  showing  the  support 
pedestal  as  well  as  the  penetrators  and  cables  for  strain 
gages  located  on  the  Interior  of  the  capsule. 


Figure  12.  Pressure  vessel  heed  plug  for  eccomnodsting  electrical  and 
hydraulic  penetrators  during  hydrostatic  testing  of  NEMO. 
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Geueral  view  of  instruments  for  monitoring  the  hydrostatic 
testing  of  NEMO  inside  the  pressure  vessel. 


Figure  14«.  Strains  6  Stresses  During  Short-Term  Loading  to  100  Psi  (Phase  la) 
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Figure  14b.  Strains  &  Stresses  During  Short-Term  Loading  to  500  Psi  (Phase  le) 
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Figure  14b.  (coat'd) 
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Figure  14c.  Strains  &  Stresses  During  Short-Term  Loading  to  800  Psi  (Phase  Ih) 


in  tH  .o  rsi  <o  (H  .-4 
•  •••••  • 

o  tc\  <t  tsi  ^  ^ 

«-i  m  »M  ^  «~i  in  f*- 


•anjo  oO'iocDiMinfo- 

•  ••«•••••• 

cvt-n-»Hc^f«Hi‘'i-iin 

((«Mn«»'.»inoono»nM 


m  o-  «♦  o  t* 

•  •  •  «  • 

«D  cn  fT,  CO  c 

cc  «c  n-  <M 


o  o  in 

•  •  • 

r-  «o  O' 
m  O' 


«-iincM<«~iinr*'«c(mir»i»>«*'mcJO«Mrii'ii«;«n-»i«'jininr-w 

rviirMiOOf''(Min^eo(nn-in<oisjO'Ocoo|o<tf’iOfM‘4'4d(00(M 

.H  .H  l-l  l-H  l-J  fH  f-l  rH 


'00«0^-Ot-4rH(Vjt-«40i-i^CO(nOOiOOCO«OsO<^eOO'»  r-i 
*••••••••••••••••••*•••••• 

Cnf^r^._*nf^f-i-40CCO'00*cr^rHf-Oi-ifvj«oiniMmo 
•^0'fn*o4'*o«oinr*-«vjr^^ininf-io»oonjch-^s0inooc 
**'oo(ncninmoco40'a'no«»fn«no®in«Hn-«noooo«o'inf-i 
I  mnen^in'4'  I  .HfvjiHrorsim  t  |  t-i 

■  I  I  a  I  i  I  I  I  I  I  I  I  I  I  I  i  I  I  I  I 

'‘*'ro<ro®-4’t'“00'in®»Ht\ii-i«r''4-t'“inin«nocnin400 

*«««*«a««a««******«**««*** 

'•'■4'»MtMr~f'''<On4404-«-l<M<M40«M^rH'04nf-0®cn®0'n' 

I  ini-iin.-io®inoor^®^ooo«o®h-«o®4-®n‘i 
<n  r-ih>(nocn‘<-i(M(M<nr-®®rMtnomooni<oo®o 

I  |rHr-i(Njt>i(ri®|r-i 

I  I  I  I  I  I  1  III  I  I  I  I  I  I  I 


®  ®  «n  m 
•  •  •  • 

®  in  (\i  CNj 
®  sf  4-  in 
nj  ®  4-  c 
eg  <\j  ®  4 
I  I  I  I 


(T  o  eg  «n  ® 

4  •  •  •  • 

o  ®  o  ®  ® 

m  n-  ®  m 
«c  •H  n>  eg  ® 
iH  eg  eg  cn  m 

I  I  I  I  I 


®o®c®nfno<nc®®®ceginm®e>®eg®04ccoo 

h-oe-oeg«e>f-4ego®®®>H®eg<-<eg®(n®®rH®e>®®® 

0000*-iegi-4®nHoegegego®egegNOegeg»-4infnegt-ir-tf-i 


0'oo4040f*-in®e-e'®®®m.-i*H®i^4®o®04e-®oor-»i-i 

*••••••••••••••••••••••••••••••• 

Oo(^®oooo4H®co®<~<^^on-oe~mo®40®*~*®404~*e‘® 

4  ^  ^  /VI  ^  /n  ^  efs  fw  .a  ns  ^  ^  mi  m.  ^  lA 


■f«n®00«ei®®eg 

I  I  |.-trH*-l«-l^| 

I  I  I  I  I 


V— I  m  w  w'  I —  i^i  v*  14/  vu  wi  m  w'  i  14/ 

4f'<n«oine-«iei«nine-oo4oe'f-»-i»-i4e-® 
I  I  I  I  I  ir^®4egOfHr-®e>4rvjo®®4eg 
I  •-<eg(ei4®m®  I  •-irNj®®4in® 
I  I  I  I  I  I  I  I  I  I  I  I  I  I 


<'‘o®eg®eg®iOinO(n®o444®/H®in®i-)®4®egegoooin® 

•  ••••••••••••••••••••••••••••••a 

<no®v0«0'0(neg<-«on-nio®®®04<0in>ohi0®n*in4ego®oo 
'.Hagej4inin«  4  egf-i®eg4oe‘»0<-*'0f-i®<n®e'rgh-4*-4ege- 

II  II  11  lllll®nir»(n®ioin®cnrHr>-4i-<®tn 

4.H»-iegeg  ie.4  |i-iegeg®44® 

I  I  I  I  II  I  I  I  I  I  I  I 


f*-  4  i-i  ®  in 

eg  ®  4  4  ® 

I  I  I  I  I 


OOOOOOOOOOOOOOOOOOOOOOOOOCOOOOOO 
®4®l'-®0  eg4<ncn®®e“00'«ni-i®triin®®«-4cei0'0'0^«0 

I  I  I  I  I  I  I  I  I  I  I  I  |i0«-i«4O®<-'®r^4FHh“4<-iO® 

I  i-irHegeg®44  I  rHegeg®44in 
I  I  I  I  I  I  I  I  I  I  I  I  I  I 

•  aaaaaaaaaaaaaaaaaaaa^aaaaaaaaaaa 

OOCOOOOOOOCOOOOOOOOOOOCOOCCOOOOO 
®®®®®o<Hi-irH4fri®4»04®n-tniHegeg®®e*r-tooego4 
I  I  I  I  I  |f-g|  I  I  I  I  I  ie-®oe-4<-«®®e‘4eg®®®c® 

I  l<H(Meg®44in|t-iegeg®4inin 

I  I  I  I  I  I  I  I  I  I  I  I  I  I 

•  aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 

Ocoooocooocooooooooodoooocoooooo 

K'»ne-oo<n®cneg4  e'i-i4«nin®o»-'egeg4»-'fHe‘0®Oi-ifo®4 

I  ■  ■  _ .  _ •  _ •  _ 1  i  i  I  •  t  1  ^  I  a^  1#^  vA  ^  4^  ^  ^1 


—  •  Na^  W  ^ 

I  I  I  aH  1-1  iH  iH  1-1  I 
I  I  I  I  I 


^  tit  w  *N  ^  ^  V’  'fc/  W  ^  ^ 

I  I  I  I  ir-®4ego  ir-®®(eiego®®4eg 

|iHeg«04  |^-•eg®®4•n® 

till  II  I  I  I  I  I  I  I 


<  <  <<<<<<<<<<<<<<<<<<<<<<<<<<<<<< 
,-i|,.4f-iiHiHiHrHf-iegegegegegegegeg««®o«®oooooooooo 

oooooooooocooooooooooooooooooooo 

oooooooooooooooooooooooooooooooo 

i~ieg«n4in®f-®»-ieg<ei4inioe-®i-ieg»ei4in®e*®r-ieg«n4®»oe*w 


159  -4410a3  -4638a8  1756a5 


5696,5  -7610,0  ,042  -4287,2  -4925,0  318,9 


tan  29  Shear 

Principal  Strains  2  Principal  Stresses  Stress 


<\J  CO  o 

•  •  • 

0>  4-  O 

00  v-1 


CO  i-t 

•  • 

>r.{ir  CO 
CV'lO  CVJ 
CM  00 


t'4'^00f^«00'<fli^ 

CM^iMcocoirttOirm 
•e*of^iMKP'«o^  00 
t'4«oioo'irttMO>irt 
4»n  I  i-ii-iCMcoco^i 
II  I  I  I  I  I  I 


a<0'ircrvoo4 
CMiroOCOOcHOlTi 
«0(NO<^  iHt“CO0' 
I  ^  f-«  CM  to  CO  4  4- 
I  I  I  I  I  I  I 


•Ol  O'  00 


4  O'  *0 


^‘l^<oootf^oo(^«0lc^ln  o^ocmo  t-i4oom 

•  <  •••••«  •«  •)  •<  •••• 

0'irtoooo«0f04m«0(04fo0'iroo0'0o0'‘4'«o 
0''0C0tHO(M(0CM4iri«0OtMt0mCM(0C0<0O 
r-<00tf^<M<OfMflD4-C4)CMO'<O^0O4  OVDCMOO 
<0C04lA  I  i-tfHCMCO«04^  I  ^•-•CMf0t0^4 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 


4^t''>»0004CCt~h-0«0|0#-i(OtMCMm 
•-it<M4OO0'4>COrH  040'fl00'tf>ir»0 
«^^lC^0'OO•-4^■«fi4f^JO4(<^4(0C0fc^>-< 

CMOOCMrHrHfHtH  OrH 


lO  4  O'  O'  O  O' 

00  o  O'  «r\  •-«  o 

00  f"  4  CO  CM 

I  «-*  CM  CO  4  »f» 

I  I  I  I  I 


CO  00  OO  rl  flo  CO  O 

•  •••••• 

O'  t'  CM  O  f"  t'C  O 

o  r-  CM  O'  CO  00  (^ 

O  O  O  O'  O'  00  OD 
f"  CO  •“<  »'C  CM  CO  4 
i  I  I  I  I  I  I  I  I 

oocooor'>ooiHOO' 

•  •••••••• 

CMlOt'OCCOO'CMCMO' 

0«rcO'4’CMC04h>tM 

ir<4cocooo<omcocM 
4tfC'0r''>  I  »itMC04 
I  I  I  I  I  I  I  I 


,c  O'  o  c 

•  •  «  • 

0  f"  »f»  o 

fl  MB  »-i 
BO  00  O'  O' 

o  *0  I 

I  I  I 


r  CO  CM  »o  »H  CO 

I  •  i  •  •  •  • 

Q  CO  CO  4  O  O  «0 
O  to  CO  CM  CM  00  CO 
BE  4*  MN  <0  CM  CM 
P<  CM  (  M  ll>  cO  h> 
I  I  II  I  I  I  I 


O  MB  O  <0  O 

•  «  •  I  • 

CM  ^  C  O'  O 

rH  (Bt  rH  <0  4) 

O'  h*  O'  *0 
ih  'O  I  IN  CM 
II  II 


o  »  »  O' 

•  •  •  •  • 

lO  O  O'  O'  lO 

>0  4  O'  in  BO 

4  CO  I-I  O  O' 

CO  4  «n  lO  ^ 

I  I  I  I  I 


•  ••«•••••«••• 

ooooooooooooo 

»O4O^»OC'-CO^0D^n^Or-(  fN 

c^<^ooo(^(^eococofloO'(^ 
4iniN0DrNi-icMco4in'Or-  I 
I  I  I  I  I  I  I  I  I  I  I  I 


o  o  o  o  o  o 
m  CO  CM  >N  n-  O' 
fN  «o  •f'  "O  m  nc 
CM  CO  4  m  MB 
I  I  I  I  I  I 


o  o  o  o  o 


•  •••»••••••••••••••• 

oooooooooooooooooooo 
M)incMOcoNcr-4cooooi-if-ieoocoiMOM>4 
'0<OM>'OcorNin4cocMOOO'NrNin4coi-ciH 
4ifcM>r''  I  N4CMco4inM>rN  i  iHtMco4in'orN 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

•  ••••••••••••••••• 

oooooooooocooooooo 
0'n*4'4cnn'r^inco4  NC(^^•0«'0CMC0'0 
44'0'00rN«n4COCM»H0'rN*04C0CMO0' 
<of>  I  •-icMco40\'Or>  I  •-«rMco4in'OM> 
I  •  I  I  I  I  I  I  I  I  I  I  I  I  I 

SOSCDCDCDCDOOlQflDCDeDCDeOeDIDCSISCD 
•■c^CMCMCMtMCMCMCMCMCOCOtOCOCOCOtOCO 


-OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
if  O  O  OOOO'OOOOOOOOOOOOOOOOOOOOOOOOOO 
nc  CM  co4tnio  »'>»»NCMco4*n'Or-ooi-icMco4MN'0»NOOi-icMco4in'On-* 


>2 


a  b  c  Principal  Straii 


CO 

(fi 

ca 

0) 

0) 

M 

JS 

4J 

CO 

C/a 

«9, 

•H 

U 

fU 


CD 

CN| 


s 


fM 


a 


r-4 

B 

EB 

*o 

*0 

cn 

Z 

0 

«o 

CO 

• 

K 

• 

K 

■X 

• 

4 

• 

« 

•  A 

• 

• 

r\ 

D 

<8- 

E 

CM 

CNJ 

4ir^ 

O' 

v\  m 

<o 

•r 

o 

00  -8 

cc 

a 

CM 

'C  m 

8 

n* 

f- 

O 

If 

CM  O 

CM 

< 

in 

in 

CD  •-! 

C" 

OO 

CM 

o 

IS 

O'  ^ 

fH 

<n 

tn 

t~  a 

O 

1 

1 

B 

fH 

O' 

R 

cn 

1 

O' 

CM 

<o 

n.  CO 

8 

o 

• 

If 

• 

« 

RK 

« 

• 

« 

•  • 

• 

• 

CCN 

00 

ff 

ce 

fVJ 

CM 

00 

<8 

in  O' 

cn 

CM 

•a- 

h' 

n-  iH 

in 

m 

00 

"8 

<o  <8 

o 

'-'1 

a 

»N 

f\J 

o 

CD 

O' 

en 

00 

m  f'' 

*o 

CO 

•iC 

CO 

in  O' 

CM 

cn 

00 

CM 

<0  O' 

CM 

8 

1 

rH 

c\ 

CM  CM 

I 

( 

1 

CM 

CM 

1 

1 

1 

u 

■ 

1 

1  1 

1 

1 

«» 

E 

o 

h- 

H 

lO 

O' 

lO  cn 

CM 

8 

e 

K 

• 

4 

■X 

• 

i 

• 

« 

•  •! 

• 

• 

« 

o 

C»1 

EZS 

<o 

1^ 

t" 

O'  O' 

CD 

f- 

CO 

c 

CM 

cc 

CM 

<NJ 

00 

O' 

00 

cn  <n 

O 

in 

>» 

CM 

c* 

•M  %C 

■tf' 

in 

CD  <8 

cn 

CO 

<n 

«c 

CSS 

1 

1 

•H 

1  *1 

pH 

1 

1 

1 

1 

1 

m 

1 

1 

1 

1 

fCi 

i 

o 

c 

IH 

CO 

<8 

00 

*0 

>8  O' 

CM 

o 

00 

IT 

00 

CM 

o 

n-  <8 

pH 

CD 

c 

c 

m 

cn 

PH 

o  o 

o 

o 

• 

• 

4 

• 

« 

• 

• 

#  • 

• 

• 

■ 

1 

1 

1 

1  1 

1 

CD 

O' 

1 

O' 

•8- 

CD  O' 

O' 

• 

• 

• 

K 

•  i 

• 

« 

• 

• 

•  • 

• 

• 

O 

CC 

<n 

e 

o  o 

1" 

tia 

OO 

CM 

CO  p4 

*o 

00 

•C 

O' 

CM 

in  O' 

O' 

cn 

00 

<8 

CO  O' 

O' 

in 

CM 

b 

trt 

IS 

€0 

1 

CM 

■8 

in  lO 

00 

1 

1 

1 

1 

1  1 

1 

1 

1 

1  1 

1 

1 

00 

! 

o 

1 

MO  O 

CM 

r-4 

-8 

00  O' 

cci 

• 

< 

• 

C 

•  « 

• 

4 

• 

• 

#  • 

# 

• 

o 

CM 

OO 

in  cn 

D 

m 

m 

m 

o 

pH 

c*> 

C£ 

cx 

cn 

in 

CM  cn 

C" 

pH 

1 

1 

I 

■ 

1 

pH 

CM 

• 

1 

,^Q 

i 

W, 

1 

• 

• 

• 

•  • 

• 

• 

o 

Pi 

o 

o  o 

o  o 

o 

O 

r* 

•H 

If* 

00 

Ms 

m 

r- 

<0  in 

8 

CM 

1 

c 

CM  CM 

1 

r->  CM 

in  8' 

in 

8 

I 

1 

1 

1 

1 

1  1 

1 

1 

m 

i 

« 

o 

• 

o 

• 

o 

«  • 

o  o 

•  • 

o  o 

• 

o 

• 

o 

’t  00 

CO 

>0 

in  o 

00  «n 

-0 

lO 

m  CM 

<C 

CM 

CM 

CM  CM 

» 

•M 

CM  CD 

8  in 

m 

m 

1 

1 

I 

1 

■ 

1 

J 

1 

1  1 

1 

1 

• 

o 

E 

i 

« 

c 

w 

• 

c 

• 

e 

•  • 

o  o 

•  • 

c  o 

• 

o 

• 

o 

00 

r* 

*\ 

PjU 

>0 

cn 

m 

2 

3 

CM 

r  1 

in 

n- 

EXo 

1 

^  CM 

1 

u 

1 

1 

H 

CD 

s 

CD  (0 

CD  ID 

CD  CL 

CD  CD 

1 

CD  CDI 

c»* 

lj 

cn 

i 

cn  cn 

■* 

8  8 

8 

8 

O 

1 

m 

o  O 

O 

o 

o  o 

o  o 

O  O 

o 

e 

o 

O  O 

o  o 

o  o 

o  o 

o 

O 

CC' 

<« 

in 

•c 

n-  00 

fSf 

cn 

m  « 

f- 

00 

p.®. 

o  o 

N  SO 
H 

CM  fH 


O  O 

CM 
eO  CM 
fH  00 
CM  «a 
1 


OO 
•  • 

00  CM 
CM  cn 
00  W 
m  fji 


cn 


o  ci 


e  o 

IT 


o  o 

•  I 

»r»  c^ 


ss 


sa 


44 


I 

w 


12 


If) 


24 


30 


36 


Nodaa 
42  48 


54 


60 


66 


72 


78 


84 


90 


6 


12  IS  24 


Hodaa 

30  36  4  2  41 


54  60 


66  72  78  84  90 


45 


H  ItifiM 


»•« 


I 


'^r  I 


-  ':.v\  li 


1 


BLANK  PAGE 


4r|  )  ■ 


1  ri 

>  M 


I'.'. 


h  H 


Jr 

|i*- 


equatorial 


52 


Max.  hincipal  Scram  (lunches/ioch) 
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TiM  10'  MU 

CyslU  an  tli«  MtarUr  aurUta  «f  th*  acrylic  hell 
In  aquatartal  ratUat  AMatta  10*  oaOtr  praaaura  eyalaa  of 
SOU  pat  ■afnicuOa  aaO  Owratlan* 


n  1  :  1  .5 
TlM  10^  mn 

CyeltB  atralna  on  tha  Intarlor  turfaca  ot  tha  acrylic  hull 
In  aauaterlal  raglon;  Raaacea  lOB  under  praeaura  cycle*  o( 
500  aai  ■aantfcuda  and  2*Blnut*  duration# 
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?|M  10*  NU  Tina  10'  Min 

Niura  Sic.  Cnp«rS*a»  of  aasliiua  and  aintMin  ataaiM  for  cyclaa  1  and 
It  an  tha  antarior  aurfaca  of  tha  acrylic  hull  in  acuacortal 
raalMit  loMtta  10a  under  prtaauta  cyclaa  of  500  pai  nacnl- 
tuda  and  tHiinuta  duracion. 


IMi 


a  aiHaiMBl  titalaa  m  tha  iaiatiai 
ai  Uc  tanltaiiaa  af  iM  tacMa 
at  MC  pal- 


Tim  10  Min  Tine  10'  Min 

ri|ura  Jld.  Conparlaeo  of  nanlaun  and  nlninun  atralna  for  cyclaa  1  and 
12  on  tha  interior  eurface  uf  the  acrylic  hull  in  aquatoria) 
replont  toaette  lOB  under  prateurc  cyriee  of  500  pal  mipnl- 
luda  and  2>ninuta  duration. 
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ntwa  32a.  Dittrtkatlaa  of  boor  aa4  aactOlanal  atralat  on  tha  axtarlor 
aatfaaa  at  aetylte  hull  at  tha  aUpolnt  of  tha  aaeond 
2-«lMtta  pcaaauth  epela  at  300  pal. 


aurfaoa  of  aerplle  hull  at  tha  aldpotat  of  tha  aaeond 
2*Btauta  praaaura  epela  at  300  pal. 
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Fi|ttrt  34b.  Frai^Mnt  Iron  th«  polar  p«ii  cagon  In  oonticr  with  tha  botton 
ttatl  paaabration  plata)  intartor  aurfaca.  Nota  axtanaiva 
apalllai  on  tha  acrylic  bearing  aurfaca  in  contact  with  steal 
plate . 
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ri|ut«  Ma*  VtagMat  tvo»  iha  paUv  pantaion  in  eontaet  with  tha  top 
hatch  rlnt)  Intavlot  aurfaca.  Mott  only  nlnev  oraoklng  rni 
tha  aecylle  haavlng  aurtaea. 


flfurc  3Sb.  Section  through  tha  top  polar  pentagon  in  contact  with  tha 
top  hatch  ring.  Note  that  tha  crack  !•  in  tha  plwtc  of 
hull  and  approxinataly  at  middle  of  ita  thickneaa. 


Pt|ur«  Mut  PlMtleally  daformtd  ttMl  parts  from  tha  tmplodad  NBMO  hull, 


it)aMiaiatH,tQOfaM 


nwantaidi  of  itraiiw 
In  oerylle  plwtio  Iwll 


All  aifornwtlono  «•  of  otanle  ntturo 


ttlJMOfMt 


«Hr««t»io  of  ttMl  ploto 
bafimtoolMna* 


Initittlon  of  yMtfIna 
In  tfM  bottom  platt 


•t  4,000  «Nt 


plowlo  buobllna 


•fttr  fallMm 


dC 


.  biMl  wait  aMTOOM  dun  to  rotation  of  piMO  flongo 
■bout  tfw  point  of  attoWmant  to  buakM  plitt 


dlaitlobiMldlnfiMt  folor  pwtafon  and  bottom 

prior  to  tpbaraimplotlon  plata  aftar  Imploalon 

Flgura  36b.  Machanian  of  apalllng  in  the  bottom  polar  acrylic  pentagon 
reconatructad  from  observation  of  deformation  in  the  bottom 
steel  plate  and  fracture  in  the  bottom  polar  acrylic  pentagon 
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Flfur*  )7a.  Typtoal  4lr  oavltltt  in  tht  HBMO  Joints  bondsd  with  P8-18 
sslf-polynsrlslng  sdhssivs. 


Vlgurs  S7b.  Typlosl  Joint  discontinuity  at  thS  Intsrfsos  of  two 
sucesosiva  sdhssivs  pours. 


Flgurs  37c.  Typical  Joint  discontinuity  that  has  bssn  routed  out  and 
reflllsd  with  nsw  adhsslvs.  Note  ths  prsssnes  of  fins 
Incipient  cracks  at  the  sdgss  of  ths  rsfillsd  cavity. 
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E  SPHERICAL  ACRYLIC  PRESSURE  HULL  FOR  HYDROSPACE  APPLICATION $  P/RT 
II  -  EXPERIMENTAL  STRESS  EVALUATION  OF  PROTCTYPE  NEMO  CAPSULE 
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ctobar  1970 
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hia  docunant  haa  baan  approvad  for  public  ralaaa  and  aala;  It's 
iatribution  la  unlimltad. 
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Haval  Facilltiaa  Englnaaring 
Connumd 


Tha  proeotypa  66’>lnch  dlaaatar  apharlcal  hull  of  NEMO*  with 
2.5  inch  wall  thlcknaaa  haa  boon  aubjactad  to  a  aaries  of  hydrostatic 
taata  undur  alnulatad  hydroapaca  anvlronmant  to  detemlne  Its  struc¬ 
tural  Intagrlty.  Aftar  rapaatad  long  tarm  and  cyclic  tests  in  the 
220  to  2400  foot  depth  range,  tha  hull  was  tested  to  Implosion  at 
4150  feat.  Tha  magnitude  of  strains  measured  on  the  hull  during 
cyclic  and  long  term  loadings,  as  wall  as  the  short  term  implosion 
apth  of  4150  feat  Indicate  that  tha  hull  satisfies  the  1000  foot 
aslgn  depth  requirement  and  can  be  without  any  further  tests  incor¬ 
porated  Into  any  man-rated  e/stam  approved  for  operation  in  the  0  to 
600  foot  depth  range. ^ 


*  Naval  Experimental  Manned  Observatory 
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